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NaCI transport by Madin Darby canine kidney (MDCK) cyst epithelial
cells. The mechanism of NaCI transport across the epithelium of intact
MDCK cysts grown in a collagen gel matrix was investigated. Double-
barreled microelectrodes were used to measure basolateral membrane
PD (Vbl), transepithelial PD (Vi), and intracellular (Cl,) and intralumenal
(Cl) C1 activities in cysts under different conditions. In a control
Ringer's solution (RS), Cl1 (60 1 mxti) and Cl (107 2 mM) exceeded
the values corresponding to electrochemical equilibrium across the
basolateral membrane and epithelium, respectively. Cl1 was reduced by
superfusing the cysts with a low Cl RS (Cl1, 20 3 mM), a low Na RS
(Cl1, 40 4 mM), or by adding amiloride to the control RS (Cl1, 46 1
mM). Cl1 was unaffected by removal of either K or HC03 from the RS
or by adding furosemide or SITS to the control RS. Vbl in the control RS
was —50 2 mY and was affected only by removal from the RS of K
(Ybl, —31 3 mY) or HC03 (V,,1. —29 4 mY) or by the addition of
SITS to the control RS (Vb,, —59 5 mV). Vt in control RS was —2
0.2mY (lumen negative), and was increased by reducing bath Na (V,,
—37 2 mY) but not by reducing bath C1. These data indicate that Cl
is secreted in a basolateral to apical direction by the cyst epithelium.
Basolateral Cl transport probably occurs mainly by an electroneutral
C1/HC03 exchanger. Transepithelial Na transport seems to occur
via a paracellular route which appears to be cation selective. These
experiments also support the existence, in the basolateral membrane, of
a NafK ATPase, a Na/H exchanger, and possibly a Na/HCO3/
C032 transporter.
Progressive epithelial cyst enlargement is a prominent char-
acteristic of autosomal-dominant polycystic kidney disease
(ADPKD), autosomal-recessive polycystic kidney disease, and
acquired renal cystic disease [11. As renal cysts increase in size
they impinge upon the surrounding kidney parenchyma, leading
to disruptive tissue remodeling and a loss of functional neph-
rons. Cyst enlargement is accompanied by hyperplasia of the
cyst wall epithelium and fluid accumulation within the lumen.
The mechanism by which fluid accumulation occurs within a
given cyst may depend in part upon the stage in development of
the cyst. That is, cysts that bear afferent connections to the
nephron may contain fluid derived, at least in part, from
glomerular filtration. A majority of cysts in ADPKD, however,
eventually lose both afferent and efferent connections to the
nephron [2] and as such must fill via fluid secretion across the
cyst wall epithelium. The mechanism or mechanisms by which
cyst fluid secretion occurs are unknown. The possibility has
been suggested that lumenal fluid accumulation is a key factor
in the enlargement of renal cysts [1, 2]. Consequently, the
pharmacologic inhibition of fluid secretion may be a means to
limit cyst growth and the subsequent loss of functional paren-
chyma. Elucidation of the transport pathways involved in cyst
fluid secretion may be an important step toward developing
strategies to control cyst enlargement.
The Madin Darby canine kidney (MDCK) cyst is a model of
polarized epithelial cyst growth in which enlargement of the
cyst is accompanied by proliferation of the epithelium, fluid
accumulation within the lumen, and remodeling of the sur-
rounding collagen gel extracellular matrix [3, 4]. As such,
MDCK cysts exhibit several fundamental properties character-
istic of the enlargement of renal cysts in vivo [2]. MDCK cyst
growth has been shown to be dependent on intracellular cAMP
and requires the presence in the culture medium of either serum
(5 to 10%) or agents that elevate intracellular cAMP levels
[5—7]. The measured intralumenal pressure is greater than the
pressure in the surrounding collagen gel matrix, indicating that
fluid entry is secondary to active transport [4]. Measured
chloride concentrations are higher in cyst fluid than in the
culture medium [6], suggesting that chloride secretion, which
has been described in MDCK cell monolayers that display a
high transepithelial resistance [8, 9], may play a role in lumenal
fluid accumulation. The finding that cAMP and agents that
increase intracellular cAMP levels also stimulate fluid secretion
in substrate-dependent monolayers of MDCK cyst cells [7]
supports a role for fluid secretion in cyst enlargement.
We investigated chloride transport in MDCK cyst epithelial
cells in the intact cystic configuration. Double-barreled chlo-
ride-selective microelectrodes were used to measure the intra-
cellular Cl activity (Cl1), intralumenal C1 activity (Cl), and
the basolateral (V,,,) and transepithelial (V,) potential differ-
ences under different experimental manipulations of the solu-
tions bathing the cyst cultures.
Methods
Cyst culture
The methodology for MDCK-cyst culture has been described
previously [4, 5, 101. Briefly, MDCK cells (CCL 34, passage 53)
were obtained from the American Type Culture Collection
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Solute Control
Low
C1'
Low
Na
LowK 0HCO3" 50HC03
Na 155.4 155.4 1.4 160.4 130.4 165.90K 5.0 5.0 5.0 — 5.0 5.0
Cl 137.6 8.6 137.6 137.6 137.6 123.1
HC03Ca2
25.0
1.8
25.0
8.0
25.0
1.8
25.0
1.8
—
1.8
50
1.8
Mg2 0.8 0.8 0.8 0,8 0.8 0.8
SO4 0.8 0.8 0.8 0.8 0.8 0.8
H2P04 0.16 0.16 0.16 0.16 0.16 0.16
HP042 0.64 0.64 0.64 0.64 0.64 0.64
Glucose 5.5 5.5 5.5 5.5 5.5 5.5
Mannitol 21.0 8.6 21.0 21.0 66.0 —
Gluconate — 141.4 — — — —
TMAC — 129.0 — — —
Choline — — 25.0 — — —
HEPES — — — — 5.0 —
O Calcium gluconate (6.2 mM) was added to the bathing solution to
correct for the reduction in ionized calcium caused by the addition of
gluconate.b This solution also contained 0.1 mii acetazolamide (Sigma).
Tetramethylammonium
(Rockville, Maryland, USA). A suspension of MDCK cells was
prepared using routine dissociation procedures [11]. The cells
were washed and resuspended in culture medium at a density of
2.2 x io cells/mi. The culture medium was a 1:1 mixture of
nutrient medium F12 and Dulbecco's modified Eagle's medium
(DMEM) containing NaHCO3 (2.0 mg/mI), 4-[2-hydroxyethyl]-
1-piperazineethanesulfonic acid (HEPES; 10 mM, pH 7.4),
penicillin-G (100 U/mI), and bovine calf serum (10%). A colla-
gen-medium-cell suspension was prepared by combining 4.5 ml
of cell suspension, 3.0 ml Type I collagen (Collaborative
Research, Bedford, Massachusetts, USA), 1.0 ml medium F12
(lOx), 1.0 ml HEPES (0.1 M), and 0.5 ml NaHCO3 (5%
solution). Culture dishes (35 mm) were prepared with a solidi-
fied base layer of collagen gel (without cells). The solidified
collagen base layer was overlaid with an aliquot (1 ml) of the
collagen-medium-cell suspension, placed in an incubator (5%
CO2 in air, 37°C), and allowed to solidify. Each gel then was
overlaid with culture medium which was changed every other
day.
Cyst cultures, seven to 21 days old, were cut into strips 6 to
8 mm in width. Each strip was affixed to a glass coverslip (18 X
18 mm) using a thin plexiglass ring coated with sterile stopcock
grease. The coverslip-mounted cultures were immersed in
medium and returned to the incubator (5% CO2 in air, 37°C) for
use within two days of preparation.
Single-barreled microelectrodes
Single-barreled open-tip microelectrodes were pulled from
borosilicate glass capillaries (O.D. 1.2 mm, I.D. 0.68 mm; A-M
Systems, Everett, Washington, USA) on a Brown-Flaming
pipette puller (Sutter Instruments, San Francisco, California,
USA). The puller was adjusted to pull micropipettes with an
overall tip diameter of less than 0.5 m. Microelectrodes were
back-filled with 3 M KCI. Their tip resistances ranged from
about 40 to 60 M11 in the control Ringer's solution (Table 1).
Double-barreled microelectrodes
Double-barreled borosilicate glass capillary tubing (O.D. 1.5
mm, I.D. 0.86 mm; A-M Systems) was cut into 7.5 cm lengths.
One barrel of each end was ground using a fine grindstone until
it was approximately 3 to 4 mm shorter than the other barrel.
The capillary tubes were soaked overnight in 50% HNO3. They
were rinsed with distilled water and dried with acetone.
Double-barreled chloride-selective microelectrodes were fab-
ricated one day prior to their use. The capillaries were mounted
in a vertical pipette puller (model 730, D. Kopf Instruments,
Tujunga, California, USA) and heat was applied while the
solenoid was inactive. The capillary was twisted 180° around its
axis, clamped into position, and allowed to cool. The twisting of
the capillary counteracted a tendency of the barrels to separate
during pulling. The puller then was adjusted to pull double-
barreled micropipettes with an overall tip diameter of less than
0.5 m. The "long" barrel was designated the open-tip micro-
electrode.
The double-barreled micropipettes were placed in the si-
lanization apparatus. Since, in general, silanization represents
the most difficult phase in the construction of ion selective
microelectrodes and because of the small size of the cells used
in this investigation,1 a special silanization device was con-
structed. This device, which was based on a modification of the
principle of vapor-phase silanization, originally introduced by
Coles and Tsacopoulos [141, is illustrated schematically in
Figure 1. The microelectrodes were baked at 150°C for one hour
while both barrels were flushed with pure N2. N,N-Dimethyl-
trimethylsilylamine (0.1 ml; Fluka, Ronkonkoma, New York,
USA) was placed in the silane reservoir (Fig. 1). The ion-
selective barrel was exposed to the silane for 30 seconds by
adjusting the three-way valves to divert the flow of N2 over the
silane prior to its entry into the oven. The electrodes were
heated for an additional 30 minutes.
To fabricate chloride-selective electrodes, a droplet of Corn-
ing 477913 chloride exchanger (Corning Medical, Medfield,
Massachusetts, USA) was drawn into the tip of a fine, hand'.
drawn filling pipette by syringe suction. The filling pipette was
advanced inside the freshly silanized microelectrode barrel, as
near to the tip as possible, and the exchanger was expelled
slowly. The open-tip barrel was back-filled with 1.0 M sodium
formate in a similar fashion. Electrodes were stored tip down-
wards in an air-tight container overnight to allow the exchanger
to fill the tip of the ion-selective barrel. The following day, the
ion-selective barrels were back-filled with 0.5 M KCI. The
open-tip barrels had tip resistances ranging from about 60 to 80
Mf2 in the control Ringer's solution (Table 1).
Calibration of C1 -selective microelectrodes
The technique for calibrating chloride-selective double-bar-
reled microelectrodes has been described in detail elsewhere
[15, 16]. Briefly, the ion-selective barrel of the microelectrode
'In an independent study, two of the authors of the present paper
found an average height of 7.6 m for cells in MDCK cysts of about 60
m in diameter [12]. If one combines this with the apical cell area (142
pm2) of similar MDCK cells reported by Grantham et al [4] then,
assuming that each cell is approximately cylindrical, one finds a cell
volume of about 1 picoliter. This is in reasonable agreement with the 2
picoliter volume reported for MDCK cells by Roy and Sauve [13].
Table 1. Composition of bathing solutions
Concentration (mM) in each experimental Ringer's
solution
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Ion-selective
microelectrode
Silane
Fig. 1. Schematic diagram of the silanization apparatus. The entire device was placed in a laboratory hood. Two brass pipes, closed at one end
by attachment to a brass block, were mounted in a conventional laboratory oven. The brass block covering the other end of these pipes had tapped
openings that accepted flexible copper tubing. This tubing was directed toward the outside of the oven through its overhead vent. A set of six
parallel holes was drilled through the top surface of each brass pipe. These holes were tapped and Luer lock fittings were attached and then
soldered in place. A 25 gauge, 5 cm, steel syringe needle was attached to each of the Luer lock fittings. Opposing needles (one from each pipe)
were angled slightly towards the midline of the paired pipes. This allowed each needle to accept one shaft of a doubled-barreled pipette. Silanization
(under nitrogen) of one barrel of each pipette was effected as follows: Nitrogen gas (at 10 PSI) flowed through Tygon tubing to the copper tubes
in the silanization device. One of these connections was direct. The other was led through a sensitive flowmeter (not shown) to a tube that
contained two 3-way valves between which a glass reservoir containing 0.1 ml silane was placed. The valves could be adjusted to allow a
continuous flow of nitrogen from the cylinder to the oven or to direct the nitrogen over the silane prior to its entry into the oven. Nitrogen pressure
in the silane reservoir was adjusted to about I PSI. The barrels of the pipettes exposed to silane would eventually become the C1-selective barrels.
was connected via an Ag-AgC1 wire and a guarded coaxial cable
to a high input impedance (>10 1) electrometer with unit
gain. The potential difference between the ion-selective barrel
and a reference calomel cell connected to the calibrating
solutions via a 3 M KC1 agar bridge was monitored on an
electrometer-voltmeter and recorded on either a strip chart
recorder or a computer-based data acquisition system (Dataq
Instruments, Akron, Ohio, USA).
Calibration curves relating the Cl-selective electrode poten-
tial to chloride activity were generated using the "fixed inter-
ference" method of electrode calibration [17, 181. The micro-
electrodes were calibrated at room temperature (23 1°C) in
solutions containing 200, 100, 50, 20, 10, and 5 mrvi KC1 plus a
constant amount of interfering anion (25 mr's NaHCO3). Chlo-
ride activities in the calibrating solutions were estimated from
Guggenheim's parametric form of the extended Debye-Huckel
equation [19] using constants appropriate for NaCI at 25°C (A
0.512, B = 0.16) and assuming that the activity coefficient of
chloride was equal to the mean activity coefficient of the
solution [16]. Calibration data obtained in these solutions were
fitted by a computer program [20] which employed a form of the
Nicolsky equation [21]:
E — Eref = ce + p • (RT/F) ln(a + ')
where E and Eref are the electrode potentials in the calibration
solution and in a reference solution, respectively. R, T, and F
Oven wall
Open-tip electrode
wall
1'
Nitrogen tank —*
Tygon tubing —0W
Nitrogen flow
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Fig. 2. Superfusion chamber used in these experiments. Five wells were milled in a nylon block. Four were 1.25 cm in diameter and 1.1 cm deep.
The second well (which held the specimen) was machined through the entire thickness of the block and was 2.5 cm in diameter at the bottom. The
bottom was formed by attaching a 35 x 50 mm glass coverslip. One wall of this chamber was milled at a 45° angle to facilitate microelectrode entry.
Solution flow between all the wells occurred below the surface of the bathing solution. Solution was removed from the fifth well by suction through
a needle inserted in the outflow pipe. This pipe was 0.6 cm below the top of the well. The first well served to remove gas bubbles from the bathing
solution. The third, fourth and fifth wells minimized changes in solution height due to the intermittent nature of the suction at the outlet.
have their usual physical meanings. a1 is the C1 activity in the
calibrating solution. The Greek letters represent adjustable
parameters. The constant a represents various offset potentials
including liquid junction potentials and half-cell potentials be-
tween the solutions and wires coupling the ion-selective barrel
of the electrode to the voltmeter. The parameter f3 is theoreti-
cally equal to one, though with real electrodes a slightly lower
value is often observed. The parameter y, referred to as the
detection limit [18], is the response of the electrode to ions
other than chloride.
Changes in a may cause errors because junction potentials
show an unpredictable temperature dependence. Since the
electrodes were calibrated at room temperature and the exper-
iments were performed at 37°C, compensation for the temper-
ature dependence of the electrode response, as a consequence
of variations in a, was necessary. This compensation was
accomplished by referencing measured potentials with the
ion-selective electrode to its potential in the control Ringer's
solution (Eref) at 23°C. Errors due to the temperature depen-
dence of f3 and y were assumed to be negligible and were
ignored. A plot of (E — Eref) versus the negative logarithm of
the chloride activity was obtained from the calibration data
using a least-squares fit of the above equation by a Newton-
Ralphson algorithm. C1-selective electrodes were calibrated
after each experiment. The electrodes had a slope of —57 0.6
mV/decade change in chloride activity (range —48 to —71, N =
74). The potential of the ion-selective electrode was corrected
for the membrane or transepithelial potential difference by
subtracting these potentials from the value (E — Eref).
Experimental procedure
Cyst cultures, mounted on glass coverslips, were placed into
the specimen well of the superfusion chamber (Fig. 2). This
chamber was placed on the stage of an inverted microscope
(American Optical, Buffalo, New York, USA) which was within
a Faraday cage resting on a vibration-free table (Technical
Manufacturing Corp., Peabody, Massachusetts, USA).
During the course of these studies six different superfusion
solutions were used (Table 1). Transport inhibitors were added
to the first solution. The solution reservoirs were inverted
polypropylene bottles connected to solution administration sets
(Medisystems Corp., San Francisco, California, USA). All
solutions were adjusted to a pH of 7.4 and were bubbled
continuously with either 5% C02/95% 02, 10% C02/90%02, or
100% 02 depending on the type and concentration of the buffer
system used. The solutions were warmed by gravity flow from
the reservoir through water-jacketed glass tubes in which
temperature-regulated water (43 1°C) was circulated by a
heater pump. The temperature of the heater pump was adjusted
so that a solution flow rate of 5 to 6 mI/mm resulted in a
temperature of 37 0.5°C within the tissue chamber. The
temperature was monitored continuously by a thermistor probe
Solution height
Solution in-flow ... Waste out-flowI" I
1st Well
I
Specimen well1.25cmk 3rdWeli 4thWel
If
______ ______
5th Well I
.1.1
Port for thermistor
6.25cm
Glass
coverslip
Port for 3M KCI agar bridge
S S
L. 12.5 cm
-I-J
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placed in the chamber. Switching between superfusion solu-
tions was accomplished by using two three-way electric valves
(Lee Company, Essex, Connecticut, USA).
The value of the chloride activity in each control Ringer's
solution (Cl0) was obtained experimentally as the x-intercept of
the calibration curve generated from calibration data referenced
to that Ringer's solution, that is, the measured chloride activity
in each Ringer's solution was the value of chloride activity for
which E — Erei 0 [16]. The measured Cl0 averaged 93 0.6
mM (N = 74). This value of Cl0 gave a calculated activity
coefficient for C1 in the control Ringer's solution (given a
measured Cl— concentration of 138 mM) of approximately 0.67.
This activity coefficient is lower than the coefficient (0.76) for
ions of univalent salts at concentrations of about 150 m [19].
A reduced C1 activity coefficient in Ringer's solution has been
reported elsewhere [16, 22] and probably reflects the decreased
activity coefficient seen in complex solutions containing diva-
lent cations [19].
Intracellularlintracyst recordings
Only cysts at or near the surface of the collagen gel were
chosen for intracellular or intracyst impalement. This allowed
for maximal fluid exchange at the cyst surface and minimized
the effect of unstirred layers within the collagen gel matrix. In
addition, the elasticity of the gel matrix prevented stable
intracellular impalements in cysts located deep within the
collagen.
Micropipette solutions were connected by Ag-AgC1 wires and
guarded coaxial cables to high input impedance (>1015 fi)
electrometers with unit gain. The potential difference between
each barrel of the microelectrode and a reference calomel cell
connected to the tissue well via a 3 M KC1 agar bridge was
monitored on an electrometer-voltmeter and recorded as was
done with the calibrating solutions. The resistance of the
open-tip barrel was monitored intermittently by passing a
current pulse (0.5 nA, 700 mS duration, 6.7 second period) and
recording the voltage deflection. In later experiments, a differ-
ential amplifier was employed to allow simultaneous recording
of the potential difference between barrels.
For intracellular recordings across the basolateral membrane,
the microelectrode tip was positioned near the epithelium using
a three-dimensional manual manipulator (Narishige, Tokyo,
Japan) while under direct visualization (150x). The tip poten-
tials were allowed to stabilize prior to impaling the cell.
Individual cyst cells were visualized at 675 x prior to impale-
ment. The microelectrode was advanced into the cell using a
three-dimensional hydraulic manipulator (Narishige).
The criteria for valid intracellular impalements were as
follows: (i) a sharp deflection of the microelectrode potential
difference on penetration into the cell; (ii) attainment and
maintenance for greater than two minutes of a steady state (that
is, less than 1 mV/mm change in the potential difference); (iii) an
intracellular potential equal to or more negative than the initial
deflection; (iv) consistency of the microelectrode resistance
after withdrawal of the electrode from the cell; and (v) a prompt
return of the potential to its initial value after withdrawal of the
microelectrode from the cell [23].
For intralumenal recordings, the microelectrode was posi-
tioned near the basolateral membrane of a cyst. The electrode
was advanced into the cell, using the hydraulic manipulator,
until a sharp deflection of the electrode potential was recorded.
The electrode was then advanced an additional 20 sm into the
cyst lumen. Maintenance for more than three minutes of a
steady state transepithelial potential difference (<0.2 mV/mm
change) was required before experimental manipulation.
In paired experiments, the cells or cysts were impaled in the
control Ringer's solution. After an acceptable impalement was
obtained, the bathing solution was changed to the experimental
solution. In most cases, the bathing solution was returned to the
control Ringer's solution after steady state values in the exper-
imental solutions were achieved. In unpaired experiments, the
cyst cultures were first superfused in the control Ringer's
solution for approximately 15 minutes. The control solution was
then changed to the experimental solution for approximately 30
minutes prior to impalement of the cells.
Statistical analysis
All results are expressed as means SE. Only one intracyst
or intracellular recording was obtained from each collagen strip.
In paired experiments, Student's t-test for paired observations
was used to determine the statistical significance of differences.
In unpaired experiments, the data were compared to a pooled
control group by the Bonferroni method [24]. This group
consisted of six different control groups studied throughout the
course of these experiments. Pooling of these controls is
justified because an analysis of variance revealed no significant
difference (P > 0.5) among any of these groups. Differences
were considered to be significant at a P level of 0.05 or less.
Results
Preliminary experiments
Using single-barreled open-tip microelectrodes VbI was mea-
sured in cyst cultures bathed in culture medium (DMEM
without serum). After the attainment of steady-state potentials,
the bathing solution was changed to the control Ringer's
solution. There was no significant change in VbI (—51 1 mY in
DMEM vs. —52 2 mY in Ringer's solution; N = 5). The
overall mean b1, measured in control Ringer's solution was
—53 2 mY (N 25). This value is consistent with the
membrane potential values (=—50 mV) reported for MDCK
cells grown in monolayers [25, 26].
Double-barreled microelectrodes were fabricated in which
both barrels were back-filled with 0.5 M KC1. Intracellular
impalements were obtained in control Ringer's solutions to
determine whether both barrels of the electrodes would record
similar values. The data were grouped according to whether the
barrel was the "long" or "short" barrel. The b1 measured by
each barrel was not significantly different (—46 3 vs. —45
3; N = 5). In addition, these membrane potentials were not
statistically different from those obtained with single-barreled
electrodes (P > 0.05).
Electrical parameters and C1 activities in control Ringer's
solution
In 35 experiments, MDCK cyst cells bathed in control
Ringer's solutions were found to have a Vbl and Cl1 of —50 2
mV and 60 i mi, respectively. The measured Vbl was not
significantly different from that measured with single-barreled
electrodes (P > 0.6). The majority of these impalements
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-I-C
a>I-.00
VbI
intracellular
impalement
showed clear evidence for a leakage artifact immediately fol-
lowing impalement (Fig. 3). However, the spontaneous repo-
larization of VbI to a value equal to or greater than that observed
initially was taken as evidence for satisfactory resealing of the
membrane [23]. Intracellular recordings could be maintained for
up to or over 60 minutes without a decline in VbJ or a change in
Cl1 (Fig. 3). Cl1 in control Ringer's solutions (60 mM) exceeded
the value corresponding to electrochemical equilibrium across
the basolateral membrane (l5 mM), given a Vbl of —50 mY
and a Cl0 of 93 mM.
MDCK cysts bathed in control Ringer's solutions were found
to have a V and a Cl of —2 0.2 mV (lumen negative) and 107
2 mivi, respectively (N = 19). These recordings could be
maintained for over two hours without V or Cl changing
significantly. Cl also was in close agreement with the Cl
concentration (138 6 mM) measured in MDCK cyst fluid by
wavelength-dispersive x-ray spectrometry [61, if we assume an
activity coefficient of 0.76. Cl exceeded the value that corre-
sponded to electrochemical equilibrium across the cyst epithe-
hum (=86 mM) indicating active Cl secretion.
Electrical parameters and C1 activities in low Cl Ringer's
solution
In the low C1 Ringer's solution (Table 1), Cl1 decreased from
a control value of 62 3 mM to 20 3 m (P < 0.005). Vbl did
not change significantly (Table 2). These changes were revers-
ible on return to the control Ringer's solution. The decline in Cl1
induced by the low Cl Ringer's solution and the subsequent
increase in Cl1 following return to the control Ringer's solution
were symmetrical in time. The measured value of Cl1 in the low
Cl Ringer's solution exceeded the value corresponding to
electrochemical equilibrium across the basolateral membrane
(=1 mM) given a bJ of —47 mV and a Cl0 in the low C1
Ringer's solution of 6 mM.
Vt and Cl were measured in MDCK cyst cells bathed in
control Ringer's solutions following which the bathing solution
was changed to the low C1 Ringer's solution. V initially
hyperpolarized from a control value of —3 0.2 to —7 1 mV,
after which it depolarized slightly to a sustained value of —5
1 mV (Table 2). Cl did not change.
Electrical parameters and C1 activities in low Na Ringer's
solution
The measured Vbl (Table 2) was not significantly changed in
the low Na Ringer's solution (Table 1). When the bathing
Fig. 3. A computer reproduced tracing of an
intracellular impalement recorded in control
Ringer's solution with a double-barreled
electrode. V1 was the potential measured by5 the ion-selective electrode. The depolarization: noted in VbI at the beginning of the
intracellular recording was considered to be
leakage artifact. However, the spontaneous
repolarization of b1 was taken as evidence
for satisfactory re-sealing of the membrane.
The absent segment represents 1 hr of
continuous recording.
Table 2. Measurements in control solution
Cl,
mM
V,1
mV
Cicy
mM
V
mV
Measurements in control
versus low C1
Ringer's solution
Control 62 3 —51 5 116 3 —3 0.2
LowCl 20±3 —47±2 112±6 —5±1
N 5 5 3 3
P-value <0.005 > 0.05 > 0.05 > 0.05
Measurements in control
versus low Na
Ringer's solution
Control 60 5 —52 5 109 2 —0.1 0.2
LowNa 40±4 —50±6 108±3 —37±2
N 5 5 5 5
P-value <0.005 > 0.05 > 0.05 <0.005
Measurements in control
versus nominally K free
Ringer's solution
Control 63 3 —54 4 — —
LowK 60±4 —31±3 — —
N 4 4
P-value > 0.05 <0.05 — —
solution was returned to the control Ringer's solution, there
was a transient hyperpolarization of the membrane followed by
a return to the control value (Fig. 4). The average Cl1 (Table 2)
decreased from 60 5 mi in the control Ringer's solution to 40
4 mM in the low Na Ringer's solution (P < 0.005). These
changes were reversible on return to the control Ringer's
solution (Fig. 4). The decline in Cl1 induced by the low Na
Ringer's solution was gradual. However, the recovery in Cl1
following return of the bathing solution to the control Ringer's
solution was more rapid.
Under similar experimental conditions V gradually hyperpo-
larized from a control value of —0.1 0.2 to —37 2 mV in the
low Na Ringer's solution (Fig. 5). Following the return to the
control Ringer's solution, V depolarized rapidly to a value
more positive than the control measurement. Cl did not
change (Table 2).
Electrical parameters and C1 activities in nominally K-free
Ringer's solution
In the nominally K free Ringer's solution (Table 1), bI
decreased significantly from —54 4 measured in control
v
2 mm
t
Electrode
withdrawn
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Fig. 4. A computer reproduced recording of
V. V,,,, and the Cl potential (V — VbI) in
control Ringer's and low Na Ringer's
solution. The marked hyperpolarization
following return to control Ringer's solution
may have been the result of voltage changes
across the paracellular pathway. An increase
in the potential recorded by the V, — VbJ
channel indicated a decline in Ct activity.
The decrease and increase in Cl1 were not
symmetrical in time.
I ntra I U mena I
impalement
Ringer's solution to —31 3 mV (Table 2). This change was
reversible after return of the bathing solution to the control
Ringer's. Both the decline and recovery in Vbl were gradual
(requiring about 10 mm for completion) and were consistent
with inhibition of the Na/K ATPase pump [27]. However, Cl1
was not significantly different from the control measurement.
Electrical parameters and C1 activities in 0 mi HC03 and
50 mM HC03 Ringer's solution
In unpaired experiments, MDCK cysts were bathed first in
control Ringer's solution and then in either the 0 mM HC03 or
the 50 mst HC03 Ringer's solution (Table 1). bl measured in
the 0 mai HC03 Ringer's solution was significantly less than in
control experiments (—29 4 vs. —50 2 mY, P <0.01; Table
3). Cl1 remained unchanged. Ybl measured in the 50 mrvt HC03
Ringer's solution was not significantly different from the control
experiments (Table 3). However, Cl1 was reduced in the 50 mrvs
HCO, Ringer's solution compared to the control value (36
4 vs. 60 1 mM, P < 0.01).
Effect of inhibitors of ion transport on electrical parameters
and C1 activities
bI and Cl1 were measured in MDCK cyst cells bathed in
control Ringer's solutions. When steady state potentials were
attained, the bathing solution was changed to a control Ringer's
Fig. 5. A computer reproduced recording of
Vi, V, and the C1 potential (V, — V1) in
control Ringer's and in low Na Ringer's
solution. There was a significant
hyperpolarization in Vt in the low Na
solution. This hyperpolarization and the
depolarization following return to control
Ringer's solution were not symmetrical in
time. A decrease in the potential recorded by
the V1 — V channel indicated an increase in
C1 activity.
Cl,
mM
V,1
mV
Cl0
mM N
Control 60 1 —50 2 95 0.7 35
0HC03 64±5 —29±4 93±4 5
P-value > 0.05 <0.01 — —
50 HCO 36 4 —45 5 82 4 5
P-value <0.01 > 0.05 — —
solution + 0.5 mi furosemide (Sigma, St. Louis, Missouri,
USA). Vbl transiently (3 to 5 mm) hyperpolarized from a value
in control Ringer's of —44 4 to a value of —50 5 mV in the
presence of furosemide (N = 5; P < 0.01). Cl1 remained
unchanged (63 6 vs. 61 4 mrvi; P > 0.6).
Similar experiments were performed in control Ringer's
solution and control Ringer's plus 1.0 mM 4-acetamido-4'-
isothiocyanatostilbene-2,2'-disulphonic acid (SITS, Aldrich,
Milwaukee, Wisconsin, USA). Vbl hyperpolarized from a con-
trol value of —46 5 to a value of —59 5 mV in the presence
of SITS (N = 4; P < 0.01). The hyperpolarization of VbI was
sustained during the time that the cells were exposed to SITS
.
a0 I 0j30
.
Ca0Q-
V,1 f
10
:i Jj11i[1ll .04251.50hto£0.20
Control
A
5 mm
Intracellular
impalement
low Na Ringer's solution Control
Electrode
withdrawn
E
C)C
a,I-
a)
4-C
a)4-00
Vt 1:ii
V1 1:fi 1:ig
••
-
I I I
ControI low Na Ringer's solution Control
5mm
Electrode
withdrawn
Table 3. Measurements in control versus 0 and 50 mri HCO,
Ringer's solution
£ Cl0 was reduced in the 50 mrt HCO, Ringer's solution because of
the substitution of NaHCO3 for NaC1.
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but was reversible following removal of the SITS from the
bathing solution. Cl1 remained unchanged (59 3 vs. 57 3
mM; P> 0.4).
In unpaired experiments, cysts were bathed initially in the
control Ringer's solution and then in a control Ringer's solution
plus 1.0 mrvi amiloride (Sigma). The measured VbI in control
Ringer's solution plus amiloride (—41 2 mY; N = 5) was not
significantly different from the control value previously mea-
sured (—50 2 mV; P > 0.05). However, Cl1 was reduced
compared to the control value (46 1 versus 60 1 mM; P <
0.01).
Discussion
Technical considerations
These studies employed three experimental conditions that
are relevant to the biology of epithelial cysts. (1) These exper-
iments were performed on intact in vitro epithelial cysts. Since
the morphological and functional characteristics of MDCK cells
can be influenced significantly by culture conditions, the inves-
tigation of ion transport in the intact cystic configuration may be
important in determining the actual transport processes in-
volved in lumenal fluid accumulation and cyst enlargement. (2)
Experiments were performed in the absence of serum or agents
that elevate intracellular cAMP. Under these conditions the
characteristics of the basolateral C1 transport processes can be
better defined. Previous investigations have shown that net fluid
secretion, and probably ClI secretion, are minimal in the
absence of serum or cAMP [121. This suggests that the apical
membrane may be rather impermeant to Cl— because Cl1
measured under similar conditions in the present study is well
above the value necessary for C1 secretion to occur. There-
fore, changes in Cl1 induced by experimental manipulation of
the solutions bathing the cyst culture probably reflect altered
transport across the basolateral membrane. (3) These studies
used double-barreled C1-selective microelectrodes. This meth-
odology permitted the simultaneous measurement of the elec-
trochemical parameters necessary to determine if Cl transport
is an active process: The Cl activity in the cell and cyst lumen,
and the transmembrane and transepithelial potential differ-
ences. To our knowledge, measurements of these parameters in
MDCK cysts have not been reported previously.
There are a number of noteworthy technical concerns asso-
ciated with the use of double-barreled C1-selective microelec-
trodes in experiments such as those described in this paper [281.
These concerns are: (1) the possibility of membrane damage
due to the relatively large size of the electrode tip; (2) the effect
on the measured Cl chemical potential of formate leakage
from the reference barrel; and (3) the contribution of interfering
anions to the measured chemical potential of C1 in the cell.
VbI, measured with double-barreled C1 -selective microelec-
trodes (—50 2 mY), was not different from the single-barreled
measurements performed in this study (—53 2 mV). Conse-
quently, damage to the cell caused by the double-barreled
electrode probably was minimal and did not result in a signifi-
cant leak pathway across the membrane. In addition, the Vbl
measured by either barrel of double-barreled electrodes fabri-
cated with both barrels in the open-tip configuration were not
different, indicating that both barrels were capable of being
placed simultaneously into the cell.
Sodium formate was used in the reference barrel to prevent
any leakage of Cl from the barrel into the cell. However,
leakage of formate from the electrode into the cell could have
resulted in an artificial increase in Cl, since the Corning 477913
chloride exchanger has some sensitivity to this organic anion
[16, 281. In addition, CY/formate exchange has been described
in renal tubular cells [291, and if present in MDCK cyst cells,
might have resulted in an artificial increase in Cl1. Although
these concerns were not addressed directly, the finding that Cl1
did not change with time in experiments in which the impale-
ment was maintained for over one hour suggests that if ion
leakage from the electrode did occur, it was not significant.
To estimate the true intracellular Cl activity by ion-selective
microelectrodes, the concentration of interfering anions to
which the Cl ligand is permeant must be known. Frequently,
the concentration of interfering anions is estimated by measur-
ing Cl1 in the total absence of external Cl, the assumption
being that under these conditions most or all of the Cl will
leave the cell and the residual potential is generated by the
interfering anions present. However, in the intact configuration,
the MDCK cyst epithelium does not allow C1 to be removed
from the lumen (Table 2). Therefore cysts were dissected open
and their apical membranes exposed to the bathing solution.
Attempts were made to impale the apical membrane of these
cells. Unfortunately, experiments of this design were not suc-
cessful. The failure of these experiments was related to the
inability to obtain stable impalements in the open cyst config-
uration. In the intact cyst, the epithelium was supported by the
fluid-filled lumen. As such, the epithelium provided a resistance
to the movement of the electrode which facilitated intracellular
impalement. In the open cyst configuration, the cyst epithelium
recoiled into the collagen gel under gentle pressure from the
microelectrode. Consequently, acceptable intracellular impale-
ments were not obtained.
In experiments where C1 was reduced in the Ringer's
solution bathing the basolateral membrane of intact cysts, the
measured Cl1 fell to 20 m. Under similar conditions, the
measured Cl was approximately 112 m. The failure of Cl1 to
fall to an equilibrium value (= 1 mM) across the basolateral
membrane under these conditions may indicate either a signif-
icant concentration of interfering anions within the cell or a
conductance of the apical membrane to Cl In the latter
instance, the measured Cl1 of 20 m could be the result of
passive distribution of C1 across the apical membrane. Con-
versely, the concentration of interfering anions might possibly
be as high as 20 mi. To complicate further the estimate of the
interfering anion concentration, a reduction in cell volume,
induced by the low C1 Ringer's solution [121, could result in an
increase in the intracellular organic anion concentration. Under
these conditions, the contribution of interfering anions to the
measured C1 potential would be higher than in the control
Ringer's solution. Thus, the actual contribution of interfering
anions to the measured Cl1 could not be determined from the
present experiments. The concentration of interfering intracel-
lular anions to which the Corning 477913 chloride exchanger is
sensitive has been estimated in a number of experimental
studies and ranges from 1.8 to 10.9 mM [16, 30—321. The large
variability in these estimates discouraged us from using them in
the present studies. Therefore, our data were not corrected for
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Fig. 6. A. Electrical parameters and measured C1 activities in MDCK cysts bathed in control Ringer's solution. Cl1 and Cl,, exceeded the values
that correspond to electrochemical equilibrium across the basolateral membrane and the epithelium, respectively, indicating that Cl secretion
occurs in a basolaterat to apical direction across the cyst epithelium. B. A model summarizing NaCl transport across MDCK cyst epithelium. Cl
appears to be transported across the basolateral membrane by a Cl/HCO3 exchanger. Evidence was obtained for the presence on the basolateral
membrane of a Na/K ATPase pump and a Na/H exchanger. The presence of a Na/HCO3/CO32 cotransport process in this membrane is
also possible. Na may cross the epithelium by a paracellular route. The mechanism of C1 transport across the apical membrane remains
unknown.
interfering anions. However, recent experiments with H-
selective microelectrodes, performed in this laboratory and
summarized in the following discussion, suggest that interfering
anions may have had no significant effects on the results of this
investigation.
Chloride secretion by MDCK cyst epithelial cells
In the present investigation, Clv). (107 mM), measured in
MDCK cysts superfused with a control Ringer's solution,
exceeded the value corresponding to electrochemical equilib-
rium across the epithelium ("86 mM). These data indicate that
MDCK cyst epithelia secrete C1 in a basolateral to apical
direction (Fig. 6A). The Cl, (60 mM) measured under similar
conditions also was above the value corresponding to electro-
chemical equilibrium across the basolateral membrane (""15
mM). The predicted equilibrium value for Cl across the apical
membrane, assuming a calculated V of —48 mV and a Cl1 of 60
mM, exceeds 300 mM. Consequently, Cl— may be transported
across the basolateral membrane by an active transport process
(primary or secondary) while C1 movement across the apical
membrane may occur by passive diffusion. However, the
design of this investigation does not permit any detailed discus-
sion on the mechanism of apical C1 transport.
Mechanism of basolateral C1 transport
There was no statistically significant correlation (P > 0.5)
between the measured b1 and Cl1 in 35 control measurements
suggesting that the accumulation of Cl— within the cell is not
influenced by electrogenic factors. In addition, there was no
change in Cl1 despite an increase in VbI in the presence of SITS
or a decrease in \I,I in the nominally K-free or 0 HC03
Ringer's solutions. Consequently, the mechanism of Cl— trans-
port across the basolateral membrane appears to be electroneu-
tral as would occur with Cl/HC03 exchange, Na/K/2Cl
symport, or Nat/Cl co-transport.
Intracellular C1 activity was not dependent on the presence
in the Ringer's solution of K (Table 2) suggesting that NaI
KI2Cl symport is not responsible for basolateral C1 trans-
port. The decline iq Cl1 induced by the low Na Ringer's could
be consistent with the presence of a Na/CF co-transport in the
basolateral membrane. If this were true, one would predict that
reducing external Na to 1.4 m should decrease Cl1 to a value
A Electrical parameters and Cl activities in cysts
superfused with control Ringer's solution
Collagen
gel
B NaCI transport by MDCK cyst epithelium
Clo 93 mM Collagen
gel
Na
2K
Na
,0
Basolateral
membrane
H
Collagen
gel
Basolateral
membrane HCO3
Macias et a!: NaC1 transport by MDCK cyst epithelial cells 317
of 10 mivi or less, because, under these conditions the chemical
potential gradient for Na would be outwardly directed.2 How-
ever, in the low Na Ringer's solution, Cl1 was reduced to only
40 mM. If indeed the apical Cl— conductance is low, these
findings suggest that Cl— does not, to any marked extent, move
across the basolateral membrane driven by Na/K/2C1 or
Nat/Cl transport systems.
Several lines of evidence suggest that C1 transport across
the basolateral membrane occurs mainly via a C1/HCO3
exchange system. First, a CIIHCO3 exchange process could
explain the extremely high value for Cl1 found in MDCK cyst
cells superfused with a control Ringer's solution. Although this
value is similar to the concentration (60 mM) measured in
MDCK cell monolayers [13], it is significantly higher than the
values reported for mammalian renal tubules (20 to 40 mM)
measured either with C1-selective electrodes or fluorescent
indicators [31, 34, 35]. Preliminary studies performed in this
laboratory indicate that the intracellular pH is approximately
7.23 when the cysts are superfused with a control Ringer's
solution [36]. Under these conditions, the predicted Cl1 calcu-
lated from the equation [H]1/[H]0 = [Cl]0/[C111 (assuming CO2
freely permeates the membrane) is 64 mrs'i [33]. The similarity
between the predicted and measured Cl1 indicates that Cl—I
HC03 may be the primary mechanism of C1 transport across
the basolateral membrane. Furthermore, the close approxima-
tion of these values suggests that the contribution of interfering
anions to the measured C1 potential is not substantial.
Second, the measured Cl1 was reduced significantly to 36 mM
in the 50 mrvi HC03 Ringer's solution. This decline in Cl1 is
most consistent with activation of a C11HC03 exchanger.
Under these conditions the inwardly directed chemical poten-
tial for HC03 would be increased and a new reduced equilib-
rium value for Cl1 would be established. An increase in the
HC03 concentration of the Ringer's solution would not be
expected to reduce Cl1 if the mechanism of basolateral Cl
transport were NaICY exchange or NaIKI2Cl symport. A
component of the decline noted in the 50 mivi HC03 Ringer's
solution also may relate to a reduction in the Cl0 secondary to
the replacement of NaCl with NaHCO3 (Table 1). However, if
the only effect of this condition on Cl1 was the reduction in Cl0,
then the new predicted Cl1 would be 56 m, assuming
C1IHCO3 exchange as the only mechanism of Cl uptake, a
membrane freely permeable to C02, and a constant intracellular
pH.
Third, the reduction in Cl1 noted when amiloride was added to
the Ringer's solution or Na was removed therefrom indicates
that the Cl1HCO3 exchanger may operate in parallel with a
NaIH exchange system (Fig. 6B). Under each of these
experimental conditions NaIH exchange would be inhibited
and result in intracellular acidification. As such, the inwardly
directed chemical gradient for HC03 would increase and Cl1
would fall to a new equilibrium value. Preliminary experiments
have been performed in this laboratory in which intracellular
pH was measured in the presence of amiloride in the Ringer's
2 Ifone inserts a reasonable value for the intracellular Na concen-
tration (about 15 mM) or activity, together with the measured value for
Cl0 into the appropriate thermodynamic equilibrium equation for this
transporter [33], this prediction can be readily verified.
solution or when Na was reduced in the Ringer's solution [36].
In cyst cells superfused with a low Na Ringer's solution, the
intracellular pH was reduced to about 7.00. Using similar
calculations to those noted in the above paragraph, the pre-
dicted Cl1 would be 36 m, a value similar to the measured one
(40 mM). In the presence of amiloride (1 mM), intracellular pH
was reduced to 7. 10 resulting in a predicted Cl1 of 46 m. The
measured Cl1 in the presence of amiloride was also 46 mM.
These data strongly suggest that C1 transport across the
basolateral membrane occurs by CY/HCO3 exchange. In
addition, the close approximation of the actual and predicted Cl1
values suggests that, under these experimental conditions,
there is little C1 conductance across either the apical or
basolateral membranes.
The decline in measured Cl1 that occurred upon the switch to
the low Na Ringer's solution was reversible. However, the
temporal pattern of this decline and recovery were not symmet-
rical. Instead, the decline in Cl1 was gradual while the recovery,
following replacement of the external Nat, was rapid. One
possible explanation for this may relate to the activity of the
Na/H exchanger at different intracellular H concentrations.
In some renal tubular cells, this exchanger is not active at the
basal pH [37, 38]. Under these conditions, inhibition of this
transport pathway by the removal of external Na would result
in only a gradual reduction in intracellular pH. This decline in
pH would be reflected by a gradual fall in the measured Cl1
under conditions where C1IHCO3 exchange is the primary
Cl transport pathway. Under acidic conditions, the activity of
the exchanger may be increased [37, 38]. Thus, following
replacement of external Nat, the NaIH exchanger would
rapidly correct the intracellular acidosis. This rapid correction
would result in an abrupt increase in the measured Cl1 similar to
that found experimentally in this study.
Certain data obtained in this investigation appear, at first
glance, to be at variance with the idea that basolateral Cl
transport depends mainly on Cl/HC03 exchange. Both furo-
semide or SITS have been shown to be inhibitors of C11HC03
exchange [39]. However, Cl, was not affected by the addition of
either of these transport inhibitors to the control Ringer's
solution. This lack of effect may be due to three factors. First,
in the absence of serum or cAMP within the bathing solution,
the apical membrane may be impermeant to Cl—. Second, the
apparent C1 conductance of the basolateral membrane is low.
Finally, Cl1 appears to be close to chemical equilibrium across
the basolateral membrane. Consequently, inhibition of C1/
HC03 exchange by either furosemide or SITS might not alter
Cl1 since Cl may not have an exit pathway from the cell.
The absence of a change in Cl1, measured in the 0 m HC03
Ringer's solution, was somewhat unexpected. This bath was
formulated to be nominally free of HC03 and CO2. However,
endogenous CO2 production by the cultured cell population
could have generated a finite concentration of HCO3 —. Given
this, our data suggest that the intracellular pH and the ratio of
intracellular to extracellular HC03 remained essentially un-
changed under steady state conditions. Support for the notion
that the intracellular pH remained unchanged can be found in
studies performed on MDCK cell monolayers which demon-
strated that steady state intracellular pH was unchanged when
external HCO3 was removed [40]. An alternative explanation
for the failure of Cl1 to change with the removal of external
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HC03 could be that hydroxyl ions, in the absence of HC03,
are exchanged for C1. If so, Cl1 would not be expected to
change assuming intracellular and extracellular pH are constant
in the 0 m'vi HC03 Ringer's solution.
Several published studies support the conclusion that Cl—I
HC03 (or Cllanion) exchange may play a key role in active
C1 transport by MDCK epithelia. Simmons recently reported
that high-resistance MDCK cell monolayers display active Cl
transport, induced by prostaglandins or forskolin, in the ab-
sence of Na in the medium [41]. This finding is not consistent
with earlier studies on MDCK cells which suggest a dependence
of Cl secretion on Na7KI2Cl symport [7, 81. However,
Nat-independent C1 secretion could occur if a Ciianion
exchange process were present in the basolateral membrane.
Studies by Grantham et a! demonstrated that MDCK cyst
enlargement is inhibited by amiloride and its analogues, by
ouabain, and by anion exchange blockers, yet is rather insen-
sitive to the NaIKI2Cl symport inhibitor bumetanide [4].
Finally, Tanner et al demonstrated that fluid secretion in
cAMP-stimulated MDCK cysts is dramatically reduced in the
nominal absence of HC03 in the medium [12]. These results
support a role for C1IHCO3 exchange in MDCK cyst fluid
accumulation. In all of the above studies, transepithelial C1
transport was stimulated with cAMP or cAMP analogues;
measurements of Cl1 under these conditions remain to be
performed.
Paracellular Na transport across MDCK cyst epithelia
Compared to the value measured under control conditions,
JbI was unchanged in low Na Ringer's solution suggesting that
the Na conductance of the basolateral membrane is low (Table
2). In contrast, Vt significantly hyperpolarized in the low Na
Ringer's solution. This increase in V probably represents a
diffusion potential across the paracellular pathway and not a
transcellular phenomenon. Since V was minimally changed
when C1 was reduced in the bath solution, but increased
considerably when Na was reduced, the paracellular pathway
appears to be cation selective. The rate of change in V induced
by a change to the low Na bathing solution is also of interest.
The hyperpolarization was gradual, occurring over 15 to 20
minutes (Fig. 5). However, upon return to the control Ringer's
solution, the resulting depolarization was rapid and occurred
within one to two minutes. The solution flow rates through the
chamber were similar, thus eliminating unequal mixing times as
a cause for this response. One possible explanation for this
asymmetry may relate to the origin of the epithelial hyperpo-
larization in the low Na Ringer's solution. This induced
potential may be distributed across the tight junctions of the
cyst monolayer. As such, the development of this potential
would parallel the diffusion of Na ions out of the intercellular
spaces when the cyst is bathed in the low Na Ringer's
solution. With the possibility of unstirred layers being present
within the collagen gel, this process may be slow and follow a
similar time course to the hyperpolarization of V noted in the
low Na experiments. The depolarization of V upon return to
the control Ringer's solution may represent a new junction
potential established at the interface between the low Na
solution, now present within the lateral intercellular spaces, and
the control Ringer's solution bathing the basal membranes. The
development of this potential difference would be expected to
occur rapidly. This hypothesis would be consistent with the
experimental findings.
Electrogenic HC03 transport
VbI was significantly lower in the 0 mi HC03 Ringer's
solution when compared to its control value. This finding, taken
together with the hyperpolarization of VbI, noted in the pres-
ence of SITS, provides indirect evidence for an electrogenic
HC03 transport process in the basolateral membrane. Elec-
trogenic transport of HC03 in renal tubular cells has been
described [42]. Under normal physiologic conditions, this trans-
porter co-transports 1 Na ion plus 3 HC03 ions or 1 Na ion
plus 1 HC03 plus 1 C032 out of the cell through the
basolateral membrane. The electrochemical potentials driving
this transporter result in the movement of Na, HC03, and
C032 against their concentration gradients. If external HC03
is removed, the chemical potential gradient for HC03 against
which this transporter functions would be decreased resulting in
an increase in the movement of net negative charge out of the
cell and depolarization of the cell membrane. Conversely, if this
electrogenic transporter is inhibited with SITS the membrane
should hyperpolarize [39]. These hypotheses are consistent
with the data obtained and suggest the presence, in the baso-
lateral membrane, of a NaIHCO3ICO32 symport system.
VbI was unchanged in the 50 msi HC03 Ringer's solution. If
the NaIHCO3ICO32 cotransport system is present in the
basolateral membrane, the increased HC03 concentration of
this solution might be expected to hyperpolarize Vbl. This
hyperpolarization would result from an increase in the chemical
gradient for HC03 extrusion from the cell and a reduced rate
of NaIHCO37CO32 cotransport. However, the failure of VbI
to hyperpolarize under these conditions is not inconsistent with
the presence of a basolateral NaIHCO3/CO32 cotransport
system. This can be explained by the fact that the 50 mM
HC03 Ringer's solution was bubbled with 10% CO2 which will
increase to some degree the intracellular HC03 concentration.
Consequently, the increased chemical potential for HC03
against which the cotransporter functions will be partially
offset.
Conclusion
This study demonstrates that MDCK cysts actively transport
Cl across both the basolateral membrane and the epithelium in
a basolateral to apical direction. Basolateral Cl transport
appears to occur by an electroneutral C11HC03 exchanger.
The relationship of Cl— secretion to MDCK cyst enlargement
could not be determined from these studies. However, our data
suggest that Cl may be the primary osmotically active solute
responsible for lumenal fluid accumulation in the MDCK cyst.
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